Within the body of this review, we provide updates on the mechanisms involved in the renal handling mercury (Hg) and the vicinal dithiol complexing/chelating agents, 2,3-bis(sulfanyl)propane-1-sulfonate (known formerly as 2,3-dimercaptopropane-1sulfonate, DMPS) and meso-2,3-bis(sulfanyl)succinate (known formerly as meso-2,3dimercaptosuccinate, DMSA), with a focus on the therapeutic effects of these dithiols following exposure to different chemical forms of Hg. We begin by reviewing briefly some of the chemical properties of Hg, with an emphasis on the high bonding affinity between mercuric ions and reduced sulfur atoms, principally those contained in protein and nonprotein thiols. A discussion is provided on the current body of knowledge pertaining to the handling of various mercuric species within the kidneys, focusing on the primary cellular targets that take up and are affected adversely by these species of Hg, namely, proximal tubular epithelial cells. Subsequently, we provide a brief update on the current knowledge on the handling of DMPS and DMSA in the kidneys. In particular, parallels are drawn between the mechanisms participating in the uptake of various thiol S-conjugates of Hg in proximal tubular cells and mechanisms by which DMPS and DMSA gain entry into these target epithelial cells. Finally, we discuss factors that permit DMPS and DMSA to bind intracellular mercuric ions and mechanisms transporting DMPS and DMSA S-conjugates of Hg out of proximal tubular epithelial cells into the luminal compartment of the nephron, and promoting urinary excretion.
■ INTRODUCTION
Mercury (Hg) is designated as a transitional metal in row VI of group 12 (IIB) in the periodic table of elements. Elemental mercury (Hg 0 ) has an atomic mass of 200.59 g mol −1 and is unique among metals in that it exists as a liquid at room temperature. It has a high vapor pressure that causes this element to vaporize readily at 100 kPa (equivalent to one standard atmosphere according to the International Union of Pure and Applied Chemistry (IUPAC)). Accordingly, this property facilitates entry of Hg 0 to critical cellular targets in humans and other animals subsequent to exposure by inhalation. Once in systemic circulation, Hg 0 gains access into a number of critical sensitive target cells due to its nonpolar, lipophilic characteristics. Moreover, Hg 0 undergoes oxidation in circulation and/or in the internal compartments of target cells, forming highly reactive mercuric species (Hg 2+ ). 1 In the majority of environmental, occupational, and domestic settings, Hg exists as a cation having an oxidation state of either 1+ (mercurous) or 2+ (mercuric). In both aqueous and terrestrial environments, mercuric ions do not exist as free, unbound cations. Rather, they are bonded to a host of inorganic and organic nucleophiles. Thiol-containing biological molecules have an extremely high affinity to bind mercuric ions. Mercuric compounds are by far the primary species of Hg found in environment settings. 2, 3 In addition to having a 2+ oxidation state, the mercuric ion can exist in states having a valence of 1+ or 2+, depending on whether it is bound covalently to a carbon atom (generally of lowmolecular-weight organic chemical groups, such as methyl, ethyl, or phenyl groups). Of the known organic mercuric compounds, the methylmercuric (CH 3 Hg + ) form (generally referred to as simply methylmercury), when it is bound to a monovalent anion such as chloride, is the form most widely disseminated in the environment. 2−4 The preponderance of methylmercuric species in environmental settings can be attributed largely to the actions of aquatic and terrestrial prokaryotic organisms capable of methylating inorganic (mercuric) mercury (Hg 2+ ) to CH 3 Hg + .
■ HUMAN EXPOSURE TO MERCURY
Since inorganic and organic species of Hg are present or derived from numerous sources in environmental, occupational, and domestic settings, it is nearly impossible for the general population throughout the world to avoid exposure to low levels of some form(s) of Hg on a regular basis. For example, individuals that have had dental amalgams, which are generally composed of at least 50% Hg 0 , implanted into occlusal surfaces of their teeth as a reconstructive treatment used to treat dental caries, can be exposed to varied amounts Hg 0 vapor by inhalation and/or ingestion during the act of mastication or as a result of bruxism. 2,3,5−8 It is important to note that Hg 0 is still being utilized today by dentists in the United States.
Risk of human exposure to elevated levels of various mercuric species continues to be of considerable concern due to continued and pervasive atmospheric deposition of Hg associated with the industrial use of fossil fuels containing Hg. 3,4,9 Exposure to mercuric species at levels that have well-documented toxic effects in humans has been documented in environmental, industrial, medical, educational, governmental, and domestic settings. 3, 4, 9 However, exposure to air, soil, water, and/or ingestion of various animal species contaminated with any of the toxic forms of Hg accounts for the principal means by which Hg gains access into humans and other animals.
There are a number of additional situations in which the general public can be exposed to elevated or toxic levels of Hg. These include breathing in air containing Hg vapor from spills of metallic Hg (such as from broken thermometers) or from areas in proximity to incinerators that burn fossil fuels (especially coal) containing Hg. Ingestion of fish (especially predatory species) contaminated with significant amounts of methylmercury is another way that the general public can be exposed to elevated or toxic levels of Hg, particularly if the fish are consumed frequently. 2,3,10,11 Careless use of certain antiseptics, disinfectants, and antifungal agents containing inorganic or organic forms of Hg is an additional means by which humans have been exposed to Hg, although public access to medicinal and domestic chemicals containing mercuric compounds has been reduced greatly due to federal and state regulations and statutes pertaining to the use of such chemicals.
■ BINDING OF MERCURY IN BIOLOGICAL SYSTEMS
A significant body of evidence indicates that the biological actions and activities of mercurous and mercuric forms of Hg are defined almost exclusively by the complex bonding reactions that occur between the ionic forms of Hg and the sulfur atom(s) of sulfhydryl (-SH) groups (and thiolate anions) present in a host of biomolecules, especially low molecular weight thiol-containing molecules, such as glutathione (GSH), DL-homocysteine (Hcy) and L-cysteine (Cys). Although mercuric ions can bind to any nucleophilic functional group of biological molecules, the affinity constant for a mercuric ion binding to a reduced sulfur atom is on the order of 10 15 to 10 20 . 2 In contrast, affinity constants for a Hg atom binding to oxygen-or nitrogen-containing ligands, such as carboxylate or amide groups, respectively, are at least 10 orders of magnitude lower. 2 The thermodynamic stability of the bonds formed between inorganic mercuric ions and the reduced sulfur atom of the tripeptide glutathione (GSH) has been studied using 13 C NMR. 12, 13 It was demonstrated that when GSH and Hg 2+ are in aqueous solution in a molar ratio of 2:1, each mercuric ion forms thermodynamically stable, linear II coordinate covalent, binds with the sulfur atom of two molecules of GSH, throughout a range of pH from 1 to 14. 12, 13 Organic mercuric ions, such as the methylmercuric ion (CH 3 Hg + ), form linear I coordinate covalent complexes with thiol-containing molecules.
Despite the thermodynamic stability of the (linear I or II) coordinate covalent bonds formed between the ionic forms of Hg and thiol-containing molecules in aqueous solution, the binding characteristics between a mercuric ion and the reduced sulfur atom of various thiol-containing molecules appear to be more labile in living organisms, especially in mammals. 2, 12, 13 Complex factors such as thiol-competition and electrophilic substitution reactions may be responsible for the labile nature of binding that occurs between mercuric ions and certain thiol-containing molecules in specific cellular and tissue-compartments in mammals. To exemplify this point, the preponderance of mercuric ions present in the plasma of blood have been shown to be bound to proteins possessing one or more reduced cysteinyl residues. 14−17 Albumin is one such protein. It is the most abundant protein in plasma and possesses a single −SH group with which mercuric ions can interact and bind. Other nucleophilic domains of albumin (and/or other plasma proteins and nonprotein thiols) may react and bind to mercuric ions with less affinity and with less thermodynamic stability than to SH groups. Interestingly, though, mercuric ions bound to albumin and other plasma proteins appear to be bound to these proteins for relatively short periods. This idea is supported by findings showing that the plasma burden of Hg decreases rapidly after exposure, while there is a concurrent rapid rate of nonendocytotic uptake of mercuric ions in the epithelial cells of the kidneys and liver. 2, 18 In addition to binding to sulfhydryl groups on proteins, inorganic and organic mercuric ions bind to the sulfur atom of one or more endogenous nonprotein thiols (such as GSH, Hcy, and Cys). Evidence indicates that the thiol S-conjugates formed can serve as transportable substrates of various membrane transporters in the brain, endothelial cells of the blood-brain barrier, and epithelial cells in the small intestine, liver and kidneys. 19−22 It also appears that once mercuric ions gain entry into systemic circulation, they undergo one or more complex electrophilic substitution reactions that involve transfer from the reduced sulfur atom(s) of plasma proteins to the reduced sulfur atom of one or more types of low molecular weight, nonprotein, thiols mentioned above.
Due to the nonpolar nature of Hg 0 , it has the capacity to traverse the plasma membrane of cells by mechanisms that do not require specific membrane transporters. 22 It should be emphasized that once Hg 0 gains access to systemic circulation, the oxygen-rich environment favors oxidation of Hg 0 to Hg 2+ . Additionally, oxidation of Hg 0 likely also occurs within certain target cells, although the amount of oxidation of Hg 0 in both intracellular and/or extracellular compartments is not clear at present. However, it does appear that most of the Hg 0 that enters into systemic circulation eventually undergoes oxidation, forming one or more mercuric species. 23 The tremendously high affinity between oxidized forms of Hg and the reduced sulfur atom of sulfhydryl (and sulfanyl) (SH) groups serves as the therapeutic basis of thiol-containing pharmacological agents, such as penicillamine, N-acetylpenicillamine, dithioerythritol, dithiothreitol, 2,3-bis(sulfanyl)propanol (also known as British Anti-Lewisite or BAL), meso-2,3bis(sulfanyl)succinate (known formerly as meso-2,3-dimercaptosuccinate; DMSA), and (R,S)-2,3-bis(sulfanyl)propane-1-sulfonate (known formerly as 2,3-dimercaptopropane-1-sulfonate acid; DMPS), forming complexes or chelates with mercuric (and/or mercurous) ions. The formation of mercuric complexes or chelates with these molecules appears to secure Hg 2+ or R-Hg + (where R represents an organic group) in a manner that likely shields the mercuric ion from interacting with biologically relevant nucleophiles. In addition, the polar, negatively charged vicinal dithiols, DMPS and DMSA, have an apparent additional advantage in that, at least in the kidneys, the native molecules gain access into target epithelial cells by sharing, serendipitously, one or more membrane proteins capable of transporting certain thiol S-conjugates of Hg 2+ (and the native compound) into the target cells. 24−26 After gaining access to the intracellular milieu of renal proximal tubular epithelial cells, the binding affinity between molecules of DMPS or DMSA and mercuric ions is great enough to detach and secure mercuric ions that were bound to a host of intracellular thiols. 2 The complexes formed by the binding of DMPS or DMSA to intracellular mercuric ions results in the formation of negatively charged DMPS or DMSA Sconjugates that are water-soluble 27, 28 and may be transported out of target cells by one or more transporters in the luminal plasma membrane of proximal tubular epithelial cells. The negative charge on the complexes that are transported into the tubular lumen not only promotes their solubility in an aqueous-based luminal fluid but also impedes reabsorption back into peritubular circulation. 29 
■ KIDNEY AS A PRIMARY TARGET OF MERCURIC

SPECIES
Most chemical species of Hg can induce toxic effects in a number of tissues and organs, although the type and form of toxic effects depend greatly on the chemical species of Hg and the magnitude, duration, and route of exposure. The kidneys in mammals are particularly vulnerable to the toxic effects of Hg, especially mercurous and mercuric forms. Virtually all forms of Hg, including elemental, inorganic, and organic forms, can mediate nephrotoxic effects, depending on the conditions of exposure. In experimental animals and a host of in vitro experimental conditions, mercuric species have been shown to have a great predilection to interact with, and be transported into, renal tubular epithelial cells. [19] [20] [21] 30, 31 Systemic distributions of organic forms of Hg are more diffuse than that of inorganic forms. In addition to having toxic effects in the kidneys, organic forms of Hg adversely affect cells in blood, placenta, fetal tissues, and organs and neural tissues, as well as others. 2, 3, 22, 32 Differences in cellular mechanisms involved in the transport and metabolism of inorganic and organic forms of Hg (in the various compartments of the body) are likely responsible for the disparity in organ system distribution, pattern of biological effect, and toxic potency of these forms of Hg.
In the kidneys, both inorganic and organic forms of Hg accumulate primarily in the cortex and outer stripe of the outer medulla. 18,33−35 Autoradiographic and histochemical data 36−43 and tubular microdissection data from mice, rats, and rabbits 44, 45 indicate that inorganic species of Hg are taken up almost exclusively by the convoluted and straight segments of both cortical and juxtamedullary proximal tubules. Deposits of Hg have also been found in the renal proximal tubules of monkeys exposed to Hg 0 originating from dental amalgams. 5 Although the segments of the proximal tubule appear to be the predominant sites where mercuric ions are taken up and accumulated (as Hg 2+thiol complexes), there is insufficient data to exclude the possibility that other segments of the nephron and/or collecting duct may also take up, accumulate, and transport inorganic and/ or organic forms of Hg.
Deposits of presumed inorganic Hg have also been identified by various experimental techniques in the epithelial cells lining the entire lengths of renal proximal tubules in rats and mice exposed to organic forms of Hg. 34,39−41 Moreover, experimental evidence indicates that a significant fraction of Hg in the kidneys of animals exposed to methylmercury (CH 3 Hg + ) is biotransformed to Hg 2+ prior to or after it enters renal tubular epithelial cells. 46−48 Additional support for this hypothesis comes from data demonstrating that intracellular conversion of methylmercury to inorganic Hg can occur, albeit by a currently unknown mechanism. 49 ■ PROXIMAL TUBULAR UPTAKE AND TRANSPORT OF MERCURY One of the initial hypotheses regarding the mechanisms of how mercuric species gain access to proximal tubular epithelial cells arose from the notion that filtered complexes of Hg-albumin can gain potential entry into proximal tubular cells via endocytosis. 33, 50, 51 As mentioned above, albumin is the most abundant protein in plasma that possesses a single free, unbound, SH group (on a terminal cysteinyl residue), which provides a high affinity binding site for a mercuric ion. 52 Previous data indicate that the largest percentage of Hg in the plasma is bound to acidprecipitable proteins, such as albumin. 14−17,53 Despite the sieving coefficient for albumin being low in renal glomeruli of more highly developed mammals, significant amounts (low gram quantities) of albumin are filtered during each day. Thus, the idea that albumin-Hg complexes are filtered at the renal glomerulus is not an unreasonable one.
In a previous study, where rats were made proteinuric by treatment with the proximal tubular toxicant gentamicin, significant amounts of inorganic Hg were excreted in the urine and were presumed to be conjugated to albumin. 50 Assuming, that the permeability of albumin at the glomerular filtration barrier in these rats was unaltered by gentamicin and that the Hg in excreted urine was associated with albumin, the findings tend to support the hypothesis that some fraction of inorganic Hg in the urine may have entered into the luminal compartment of proximal tubules bound to albumin. In a later study, Zalups and Barfuss 33 attempted to implicate a mercuric conjugate of albumin in the luminal uptake of inorganic Hg by simultaneously evaluating the renal disposition of intravenously administered 125 I-albumin and 203 Hg 2+ . Their data suggest that mercuric conjugates of albumin are not the primary species of Hg taken up at the luminal membrane of proximal tubular cells. However, endocytosis of a mercuric conjugate of albumin could not be excluded as it may play a minor role in this uptake.
Chemical Research in Toxicology
Data from a series of more recent studies provide much more definitive information on the proximal tubular handling of Hg. These data indicate that there are at least two distinct mechanisms involved in the uptake of mercuric ions by proximal tubular epithelial cells. One of the mechanisms involves membrane proteins localized in the luminal plasma membrane, 2,45,54−62 while the other involves transporters in the basolateral plasma membrane. 62−70 ■ LUMINAL UPTAKE OF MERCURY BY PROXIMAL TUBULAR CELLS Role of γ-Glutamyltransferase. In vivo uptake of inorganic Hg (and to a lesser extent organic forms of Hg) at the luminal plasma membrane of tubular epithelial cells in the kidneys has been linked to the activity of γ-glutamyltransferase (γ-GT), 2,54,59,71−74 which is presumed to be present exclusively in the luminal (brush border) membrane of the epithelial cells lining both the pars convoluta and pars recta segments of the proximal tubule. 75, 76 The active site of γ-GT is present in the luminal compartment of the proximal tubule. 76 The sole action of this enzyme is to cleave the γ-glutamylcysteine bond in molecules of GSH present in the tubular lumen, thereby forming cysteinylglycine and glutamate. Evidence implicating the activity of the enzyme in the renal tubular uptake of mercuric species comes mainly from in vivo experiments in which renal (and hepatic) γ-glutamyltransferase was inhibited irreversibly by pretreatment with L-(αS,5S)-α-amino-3-chloro-4,5-dihydro-5isoxazoleacetic acid (acivicin). Pretreating animals with acivicin decreases the renal uptake and/or accumulation of Hg 2+ and causes significant increases in the urinary excretion of Hg 2+ in mice 71, 77 and rats 59,78,79 exposed to inorganic Hg or in mice exposed to methylmercury 77 or Hg vapor. 80 Enhanced urinary excretion of GSH has also been documented in acivicinpretreated rats injected subsequently with inorganic Hg, providing additional support for the hypothesis that luminal degradation of GSH in proximal tubules is indeed prevented by treatment with acivicin. 78 In two isolated perfused tubule studies, Cannon et al. provide direct evidence, linking the activity of γ-GT to the luminal uptake of Hg 2+ , when delivered as GSH S-conjugates, in proximal tubular segments. These investigators demonstrated that inhibition of the activity of γ-GT (by adding acivicin to the perfusing solution) decreases the luminal uptake (disappearance flux, J D ) and cellular accumulation of mercuric ions in the epithelial cells lining intact proximal tubular segments when the mercuric ions were delivered to the luminal compartment as GSH S-conjugates of Hg 2+ . 57, 81 Collectively, the aforementioned in vivo and in vitro data indicate that following exposure to inorganic forms of Hg, a significant fraction of inorganic mercuric ions is taken up by proximal tubular epithelial cells by a luminal absorptive mechanism dependent on the actions of γ-GT.
Presence and Formation of Mercuric Conjugates in the Proximal Tubular Lumen. A major implication of the data obtained during in vivo inhibition of γ-GT is that a pool of mercuric ions is present in the luminal compartment of proximal tubules, as GSH S-conjugates, prior to the mercuric ions being taken up. Although it is not known exactly where these mercuric conjugates of GSH are formed or how they gain entry to the luminal compartment of proximal tubules, one must consider the possibility that some of these complexes are formed outside the kidneys (either in systemic circulation or in cells of another organ, such as hepatocytes of the liver) and are then delivered into the lumen of the proximal tubule via glomerular filtration. There are three reasons to suspect that this occurs. First, the formation of mercuric conjugates of GSH in the plasma is possible because the concentration of GSH in plasma (of rats) is approximately 10 μM, 82 which provides a pool of GSH to form GSH S-conjugates with mercuric ions in plasma. Second, hepatocytes have been shown to generate significant amounts of GSH that end up in systemic circulation. 76 As a result of the significant production of GSH in the liver and the fact that the liver accumulates Hg 2+ , there is the potential for GSH Sconjugates of Hg 2+ being formed in hepatocytes and then being transported out into both biliary and sinusoidal compartments. 83−86 Accordingly, it is possible that some GSH Sconjugates of Hg 2+ formed in hepatocytes may enter the systemic circulation along with GSH, where they can then be delivered to the kidneys. Third, GSH and the corresponding mercuric conjugates are small enough to pass readily through the glomerular filtration barrier unimpeded.
One must also consider that a significant pool of GSH Sconjugates of Hg is actually formed in the lumen of the proximal tubule via mechanisms involving thiol-competition, which likely results as a consequence of the secretion of significant amounts of GSH into the proximal tubular lumen. Supporting this notion are data demonstrating that approximately 75% of the GSH synthesized de novo in pars recta segments of proximal tubules is subsequently secreted into the tubular lumen. 87 This secretion could potentially provide a high enough concentration of GSH in the luminal compartment of the proximal tubule for thiolcompetition to occur.
Another possibility is that GSH S-conjugates of Hg that are formed within proximal tubular cells are secreted into the tubular lumen by export transporters in the luminal plasma membrane. Once in the lumen, the GSH S-conjugates of Hg can then be degraded readily by the tremendous abundance of γ-GT in the luminal plasma membrane. There are in vivo data from mice that tend to support this hypothesis. 77 Localization of the multidrug resistance-associated protein, MRP2, in the kidneys also tends to support the possibility of luminal secretion of GSH S-conjugates of both inorganic and organic mercuric ions. MRP2 has been localized in the brush-border membrane of the epithelial cells lining S1, S2, and S3 proximal tubular segments of the rat and in the luminal plasma membrane of human proximal tubular epithelial cells. 88, 89 This membrane transporter is a member of the ATP-binding cassette (ABC) superfamily of transport proteins and has been shown to be involved in the intracellular to extracellular transport of GSH S-conjugates at the canalicular membrane of hepatocytes. 90 On the basis of what is currently known about the cellular location and function of MRP2, it seems reasonable to hypothesize that intracellular GSH Sconjugates of Hg 2+ are also transported (in a secretory manner) by this protein in both proximal tubular epithelial cells and hepatocytes.
Cleavage uptake of mercuric ions by proximal tubular cells is linked to the activity of γ-GT and that GSH S-conjugates of Hg 2+ are present in the tubular lumen, the preponderance of the luminal uptake of mercuric ions appears to involve the transport of some product formed by the actions of γ-GT. One such product is a mercuric conjugate of cysteinylglycine (CysGly), which may be transported by one of the small peptide transport systems in the luminal plasma membrane. However, because of the high level of activity of dehydropeptidases (such as cysteinylglycinase) in the luminal membrane, one would predict that if there is transport of this mercuric conjugate along the proximal tubule in vivo, the rate of transport would be very low. On the basis of the high activities of both γ-GT and cysteinylglycinase, it is most likely that the primary species of Hg 2+ transported at the luminal membrane is an L-Cys S-conjugate of Hg 2+ , via one or more amino acid transport systems. In fact, in vitro evidence indicating that sequential enzymatic degradation of GSH to CysGly, and then to L-Cys, is possible while a mercuric ion remains bound to the sulfur atom of the cysteinyl residue (at the site of the −SH group) of GSH. 91 Role of Cysteinylglycinase in the Luminal Uptake of Mercuric Species. Cannon et al. have examined the potential for luminal transport of CysGly S-conjugates of Hg 2+ in isolated perfused S2 segments of the rabbit proximal tubule. 57, 81 They demonstrated that inhibition of cysteinylglycinase with the dehydropeptidase-1 inhibitor, Cilastatin, caused significant reductions in the luminal uptake of Hg 2+ when it was in the form of a CysGly S-conjugate. These findings support the hypothesis that when Hg 2+ is conjugated to CysGly, much of the luminal absorption of Hg is linked to the actions of the dehydropeptidase-1 (i.e., cysteinylglycinase) that cleaves the peptide bond in molecules of CysGly to yield Cys and L-glycine (Gly). Interestingly, however, inhibition of luminal dehydropeptidases did not completely prevent the luminal uptake of Hg when it was in the form of a CysGly S-conjugate of Hg 2+ . These findings indicate that, at least in isolated perfused proximal tubular segments, some transport of mercuric conjugates of CysGly may actually occur at the luminal membrane, while luminal dehydropeptidases are inhibited. However, before one can make any definitive conclusions about potential transport of mercuric conjugates of CysGly along the three sections of proximal tubule in vivo, one must consider additional factors, such as potential heterogeneity in the handling of GSH and CysGly S-conjugates of Hg 2+ along the entire proximal tubule. In fact, there are findings indicating significant axial heterogeneity in the synthesis, secretion, and/or transport of GSH occurring along the length of the rabbit proximal tubule. 87, 92 Cys S-Conjugates of Mercury as Primary Transportable Substrates. Evidence from both in vivo and in vitro studies provides strong support for the hypothesis that Cys S-conjugates of Hg 2+ (in particular, Cys-S-Hg-S-Cys) are one of the principal chemical species of Hg 2+ transported into proximal tubular epithelial cells at the luminal membrane. More specifically, in vivo data from rats demonstrate that the renal uptake and subsequent accumulation of Hg 2+34,61 as well as the level of renal tubular injury and necrosis induced by Hg 2+ are increased in rats when Hg 2+ is administered intravenously as Cys-S-Hg-S-Cys. 93 In vitro data from renal brush-border membranes demonstrate that mercuric ions gain entry into the intravesicular compartment more readily when they are in the form of Cys S-conjugates than when they are in the form of GSH S-conjugates or even mercuric complexes of chloride, including HgCl 2. 94 By far, one of the more convincing bodies of evidence implicating Cys-S-Hg-S-Cys as a transportable substrate at the luminal plasma membrane of proximal tubular cells comes from studies utilizing the isolated perfused tubule technique. 57, 81 Some of the advantages of this technique are that isolated segments of the rabbit proximal tubule are perfused through the lumen in vitro under physiological and biophysical conditions similar to those found in vivo in intact kidneys. The findings from these isolated perfused tubule studies demonstrate that the rates of luminal uptake (disappearance flux, J D ) of mercuric ions in S2 segments of the rabbit proximal tubule are at least 2-fold greater when the segments are perfused through the luminal compartment as Cys S-conjugates than as GSH S-conjugates or CysGly Sconjugates. Additionally, the findings from these studies strongly indicate that Cys-S-Hg-S-Cys is taken up from the luminal compartment of proximal tubular segments by one or more amino acid transporters present in the luminal plasma membrane. 57, 81 Transport studies performed in the presence and absence of sodium (in both luminal and basolateral compartments) provide additional evidence that the luminal uptake of Cys-S-Hg-S-Cys involves at least two separate amino acid transport systems, one (or more) dependent on the presence of extracellular sodium and the other not dependent on the presence of extracellular sodium.
Another set of experiments with isolated perfused S2 segments of rabbit proximal tubules indicate that the luminal uptake of Cys-S-Hg-S-Cys may involve one or more of the same transport systems utilized in the luminal uptake the disulfide amino acid cystine (Cys-S−S-Cys). 57 These experiments demonstrated that addition of 3 mM L-lysine (Lys) to a perfusate containing 20 μM Hg 2+ and 80 μM Cys reduced the net rate of luminal uptake of Hg 2+ by approximately 50% in the same tubular segments. Interestingly, Schafer and Watkins had established previously that the presence of 3 mM L-lysine (3 mM) in the perfusate inhibits the luminal uptake of cystine (300 μM) by approximately 50% in isolated perfused S2 segments of the rabbit proximal tubule. 95 Their findings provide evidence suggesting that the luminal absorption of cystine occurs through a transporter shared by the basic amino acid L-Lys. Taken together, the findings from these studies suggest that at least some fraction of the luminal uptake of cystine and Cys-S-Hg-S-Cys occurs by a common transport system.
In a more recent study, Zalups and colleagues tested the hypothesis that the heterodimeric amino acid transporter, system b 0,+ , is capable of individually transporting cystine and Cys-S-Hg-S-Cys. 55 The rationale for this hypothesis comes in part from the fact that in the kidneys, system b 0,+ is present exclusively in the luminal plasma membrane of proximal tubular cells and that this transport system plays an important role in the sodiumindependent luminal absorption of cystine and certain positively charged amino acids (such as L-lysine and L-arginine (Arg)). Using Madin−Darby canine kidney (MDCK) cells (which are derived from distal nephron segments and do not express system b 0,+ ) transfected stably with both rBAT and b 0,+ AT (the heavy chain and light chain components, respectively, of system b 0,+ ), these investigators demonstrated that MDCK cells expressing a functional form of system b 0,+ are capable of transporting not only cystine (and the positively charged amino acids, L-Arg and L-Lys) but also the mercuric complex, Cys-S-Hg-S-Cys.
In a subsequent study utilizing the same transfected MDCK cells, Bridges and Zalups demonstrated that the Hcy S-conjugate of the Hg 2+ , Hcy-S-Hg-S-Hcy, can also be transported by system b 0,+ in a time-and concentration-dependent manner. 56 In addition, they demonstrated that the transfected MDCK cells were more susceptible to the toxic effects of Hg 2+ than nontransfected cells when the cells were exposed to Hcy-S-Hg-S-Hcy in a concentration-dependent manner. Thus, these two studies provide the most current line of molecular evidence indicating that system b 0,+ plays a role in the luminal absorption of both Cys-S-Hg-S-Cys and Hcy-S-Hg-S-Hcy.
Transport systems, other than system b 0,+ , may also participate in the luminal absorption of thiol S-conjugates of Hg 2+ in proximal tubular cells. However, they have not yet been identified.
Potential Role of Molecular Mimicry. On the basis of common features between the structures of cystine and Cys-S-Hg-S-Cys, Zalups and colleagues have hypothesized that some component of the absorptive luminal transport of Cys-S-Hg-S-Cys occurs by a mechanism involving molecular mimicry. 20 They postulate that Cys-S-Hg-S-Cys can act as a functional mimic of the amino acid cystine at the site of one or more transporter(s) responsible for the luminal uptake of cystine. Similarly, these investigators postulated that Hcy-S-Hg-S-Hcy may have characteristics similar to the disulfide homocystine (Hcy-S−S-Hcy), which also permits the mercuric conjugate, Hcy-S-Hg-S-Hcy, to be transported into proximal tubular epithelial cells by system b 0,+ .
Molecular mimicry is not a novel notion. Clarkson has discussed the nature by which ionic forms of Hg and some other metals can form complexes with certain biological molecules that can serve, either in part or in entirety, as molecular mimics of endogenous molecules at critical recognition sites of transporters of these endogenous molecules. 23 For example, the complex formed between methylmercury and Cys has been postulated to serve as a mimic of the amino acid L-methionine (Met), as a means to gain entry into the central nervous system via specific amino acid transporters. 23, 96 This hypothesis is supported, in part, by findings from studies on the extracellular-to-intracellular transport of the S-conjugate methylmercury (Cys-S-CH 3 Hg) in astrocytes 97 and endothelial cells lining the blood−brain barrier. 98, 99 Clarkson postulates that additional molecular mimics may form when GSH binds to Hg 2+ or CH 3 Hg + . In particular, it was postulated that the complex formed when two molecules of GSH bind to Hg 2+ , forming the complex GSH-S-Hg-S-GSH, may behave as a functional molecular mimic of glutathione disulfide (GS-SG). 23 In recent years, the idea of molecular mimicry has become somewhat controversial. Studies using mass spectrometry, X-ray absorption spectroscopy, and computational chemistry suggested that the structures of Cys-S-CH 3 Hg and Cys-S-Hg-S-Cys did not possess enough similarity with the amino acids, Met and Cys, respectively, to support a mechanism of molecular mimicry. 100 The authors of this study reject the idea that amino acid conjugates of mercuric ions can serve, in their entirety, as mimics of endogenous substrates. Rather, they propose that the ability of mercuric conjugates to be taken up by amino acid transporters may be due to transporter recognition of the amino acid component of the conjugate.
■ BASOLATERAL UPTAKE OF MERCURY BY
PROXIMAL TUBULAR CELLS Role of Organic Anion Transporters. In addition to luminal mechanisms participating in the uptake of mercuric compounds, certain mercuric species are also taken up at the basolateral membrane of proximal tubular epithelial cells. Experimental findings from rats indicate that approximately 40% of the dose of Hg 2+ is present in the total renal mass of rats during the initial hour after intravenous administration of a nontoxic dose of mercuric chloride. 64,101−103 Moreover, approximately 40−60% of the renal burden of Hg can be attributed to a basolateral transport mechanism. 59, 62, 64, 70, 104 Zalups and Minor were the first to demonstrate that renal tubular uptake of administered Hg 2+ occurs when glomerular filtration is reduced to negligible levels in one or both kidneys, by using the well established stop-flow technique. 62 Pretreatment with mannitol in combination with ureteral ligation causes an approximate 40% decrease in the net renal uptake and accumulation of Hg 2+ during the initial hour after administration of a non-nephrotoxic dose of mercuric chloride. In vivo pretreatment with p-aminohippurate (PAH), which is a competitive substrate specific to members of the renal organic anion transporter family, 105−112 also significantly reduces the acute renal tubular uptake and accumulation of Hg 2+ . 62, 104 In fact, the combination of ureteral ligation and pretreatment with PAH has been shown to cause an approximate 85% reduction in the net renal tubular uptake and accumulation of Hg 2+ during the first hour after exposure to mercuric chloride. Overall, these findings indicate that the majority of the basolateral uptake of Hg 2+ can be inhibited by PAH, which implicates one or more of the organic anion transporter proteins as a primary mechanism in the basolateral uptake of Hg 2+ . Data from other recent studies have confirmed that basolateral uptake of inorganic Hg occurs in the kidney and that the primary mechanism involved is linked to the activity of one or more members of the organic anion transport system. 59, 62, 64, 101, 102, 104, 113 Organic anion transporters have also been implicated in the basolateral uptake of organic mercuric compounds. It has been demonstrated that renal uptake and/or accumulation 58 and toxicity 114 of administered methylmercury are reduced significantly in mice pretreated with probenecid, which is another competitive inhibitor of organic anion transporters in renal proximal tubules. 110 Two main organic anion transport proteins are present in the basolateral membrane of proximal tubular cells, namely, the organic anion transporter 1 (OAT1) and the other isoform, the organic anion transporter 3 (OAT3). 115−119 The predominant organic anion transporter in the basolateral membrane appears to be OAT1, although PAH (which is thought of as the classical competitive inhibitor of organic anion transport in proximal tubular cells) can inhibit the transport-activity of both OAT1 and OAT3.
In a series of recent studies, Zalups and colleagues examined the kinetics and substrate specificity of thiol S-conjugates of Hg 2+ and CH 3 Hg + in MDCK cells transfected stably to express OAT1 and in oocytes from Xenopus laevis expressing OAT3. [65] [66] [67] [68] [69] 120 Using these cellular models, they demonstrated that Cys and Hcy S-conjugates of Hg 2+ and Cys, and Hcy and NAC S-conjugates of CH 3 Hg + are all transportable substrates of OAT1. Interestingly, findings from another recent study indicate that the NAC Sconjugate of CH 3 Hg + is not transported efficiently in oocytes from Xenopus laevis microinjected with the cDNA for OAT3, indicating that this methylmercuric species is not a high affinity substrate of OAT3. 121 Overall, evidence to date indicates that OAT1 has a fairly broad range of substrate-specificity for biologically relevant mercuric species. Moreover, the findings from the aforementioned experiments clearly support a role for OAT1 (and perhaps OAT3) in the basolateral uptake of mercuric species from peritubular blood. Role of the Basolateral Dicarboxylate Transporter NaC3. In the 1960s, Clarkson and Magos 122 demonstrated that when animals are pretreated with the dicarboxylate maleate, reductions occur in the net renal accumulation of administered Hg 2+ . However, it is not clear whether the changes in the renal disposition of Hg 2+ are due to the inhibitory effects of maleate on renal cellular metabolism 123 or whether they are due to direct effects at the site of a transporter of one or more S-conjugates. These investigators also found that fumarate, which is an isomer of maleate, did not have the same effects as maleate, indicating isomer-specific effects on the renal disposition of Hg 2+ .
Chemical Research in Toxicology
In the late 1990s, Zalups and Barfuss 102 demonstrated that pretreatment with small aliphatic dicarboxylates (made up of 4− 6 carbon atoms) such as succinate, glutarate, or adipate (but not malonate, which contains only three carbon atoms), inhibits the renal (basolateral) uptake of intravenously administered Hg 2+ (as mercuric chloride) in a dose-dependent manner in normal rats and in rats with ligated ureters. The inhibitory effects of the dicarboxylates on the renal tubular uptake, transport, and accumulation of Hg 2+ likely involves the synergistic activity of both the sodium-dependent dicarboxylate transporter NaC3 and the OAT-transporters OAT1 and/or OAT3, which are all present in the basolateral membrane of proximal tubular epithelial cells.
Organic anion transporters in the basolateral membrane function as organic anion/dicarboxylate exchangers. 106, 109 Numerous data indicate that intracellular generation of αketoglutarate contributes to the creation of an intracellular chemical gradient favoring the movement of this dicarboxylate out of the cell. α-Ketoglutarate moves down a concentration gradient out of proximal tubular cells at the basolateral membrane by exchanging with extracellular organic anions (including some dicarboxylates) at the site of OAT1 and OAT3. 124 Interestingly, a significant fraction of the αketoglutarate (and other dicarboxylates) that exits proximal tubular cells at one or both of the organic anion exchangers is taken back up into the cells at the basolateral membrane via NaC3. 125 The activity of this dicarboxylate cotransport system appears to derive electromotive energy from the sodium-gradient generated by the activity of (Na + + K + )-stimulated ATPase, which is also present in the basolateral membrane.
Although mechanisms by which succinate, glutarate, and adipate inhibit the renal tubular uptake of inorganic Hg 2+ have not been defined fully, it seems likely that an excess of any of these dicarboxylates in the extracellular compartment creates competition for the sodium-dependent entry of α-ketoglutarate at the site of the NaC3. Thus, reduction in the basolateral uptake of α-ketoglutarate likely causes a decrease in the intracellular concentration of this dicarboxylate. As a consequence, there would be transient decreases in the chemical gradient favoring the movement of α-ketoglutarate out of proximal tubular cells in exchange for the uptake of a host of organic anions from the peritubular plasma. Consequently, by changing the activity of NaC3, there would be corresponding changes in the kinetic activity of the organic anion transport system. This would result in a decreased rate of uptake of organic anions and transportable mercuric species by OAT1 and OAT3.
Since a number of small dicarboxylates are themselves organic anions, an excess of any of these dicarboxylates in the extracellular compartment would likely lead to competition with whatever species of Hg that is putatively transported by the organic anion transport system. This could explain the decreased rate of uptake of Hg at the basolateral membrane detected in rats pretreated with small dicarboxylates. There is evidence that both adipate and glutarate but not succinate or malonate can compete directly with α-ketoglutarate at the site of the organic anion transport system. 108, 109, 111, 112 ■ ELIMINATION OF MERCURIC SPECIES BY
PROXIMAL TUBULAR CELLS
Once mercuric ions gain access to the intracellular compartment of proximal tubular epithelial cells, they tend to be retained in the cells by complex bonding interactions with protein and nonprotein thiols. 2 Despite the apparent intracellular retention of mercuric ions, there appears to be some degree of luminal secretion of certain mercuric species, 77,126−128 adding to the pool of Hg excreted in the urine. 129 This conclusion is derived from recent developments by Bridges and colleagues, who have demonstrated in vivo that low-level, luminal secretion of Hg 2+ occurs in proximal tubular cells via the action of the multidrug resistance-associated protein 2 (MRP2). 128 The presence of MRP2 in the luminal plasma membrane of proximal tubular epithelial cells has been demonstrated previously. 88, 89 Bridges and colleagues have demonstrated that without the presence of functional MRP2 protein in the luminal plasma membrane, movement of mercuric species from within proximal tubular cells to the luminal compartment of the nephron is greatly diminished. These data come from in vivo metabolic studies using MRP2deficient (TR − ) and normal (Wistar) rats treated acutely with a non-nephrotoxic dose of HgCl 2 .
In addition to MRP2, the luminal plasma membrane of proximal tubular cells also contains the multidrug resistance protein 4 (MRP4), another member of the ABC protein family. However, preliminary unpublished findings of Bridges and colleagues tend to indicate that MRP4 does not participate in the luminal secretion of various mercuric species.
■ HANDLING OF DMPS AND DMSA IN THE KIDNEYS
According to documentation from Heyl Chem, 28 DMPS (brand name Dimaval) was first synthesized in 1951. While precise information on when DMSA (brand name Chemet) was first synthesized is less clear, it became available for use in the 1960s. Unlike DMPS, DMSA has been approved for use (mainly for reducing the body-burden of lead (Pb)) by the United States Food and Drug Administration (FDA). Although DMPS has not been approved for use in the U.S., it appears to be widely used internationally. Both molecules are composed of a short, straightchain, aliphatic carbon skeleton. DMPS has a propane skeleton and has two SH groups on carbons 2 and 3 and a sulfonate (SO − ) group on carbon 1. By contrast, DMSA is a dicarboxylic acid with succinate serving as the carbon backbone of the molecule. Carbons 2 and 3 have a single SH group bound to them. Although these two vicinal dithiols are essentially two different types of molecules due to the functional groups on the terminal carbon atoms, they are both polar in nature and are watersoluble, allowing them to be administered easily to patients. 27 Studies in human indicate that both compounds are capable of reducing the body burden of mercury. 130, 131 DMPS is the more water-soluble species of the two, and data from experimental studies in rats tend to indicate that DMPS is slightly more effective at extracting mercuric ions from the kidneys and reducing the body-burden of Hg than DMSA. 35,126−128,132−134 In well-oxygenated, aqueous solutions containing electrolytes, the SH groups in both DMPS and DMSA can undergo oxidation forming mixed disulfides. One of the more common disulfides formed involves the oxidation of both SH groups of DMPS or DMSA, with the subsequent formation of disulfide bonds between corresponding sulfur atoms of another molecule of DMPS or DMSA, respectively. In addition, previous experimental evidence indicates that DMPS, and likely DMSA, undergo extensive oxidation and form one or more disulfide forms in vivo. 135, 136 Diamond and colleagues have shown that DMPS can be secreted from peritubular blood into the luminal compartment of renal tubules of the rat by the organic anion transport systems that transport PAH and other alkanesulfonates. 137−139 They also showed that DMPS is effective in reducing the renal burden of Hg 2+ when administered in either a reduced or oxidized form, indicating that the organic anion transport systems in mammals are likely capable of transporting reduced and/or oxidized forms of DMPS from the blood into renal tubular epithelial cells. More recently, Wright and colleagues provide molecular data from oocytes expressing human OAT1 that add significant support to the findings of Diamond and colleagues implicating one or more organic anion transporters in the basolateral uptake of reduced and/or oxidized forms of DMPS. 24 Diamond and colleagues also demonstrated that oxidized forms of DMPS undergo reduction by a biotransformation reaction in proximal tubular epithelial cells by a mechanism that is currently unknown. Once in the reduced state, the vicinal thiols of DMPS can interact with and compete for mercuric ions bound to intracellular thiols.
It is presently unknown if the organic anion transporter proteins play a role in the basolateral uptake of the dicarboxylate chelator, DMSA, in proximal tubular epithelial cells. There are, however, data showing dicarboxylates composed of five and six carbon atoms (such as glutarate (and its homologue αketoglutarate) and adipate) are important substrates (of the organic anion transport system) that can be transported bidirectionally. 105, 106, 109 Moreover, it has been shown that these dicarboxylates can significantly affect the basolateral uptake of mercuric species. 102, 105, 106, 109 Addition of one or more polar, negatively charged, functional groups on a short-chain carbon skeleton creates a substrate that has the potential to be transported by one or more of the organic anion transporters (OAT1, 3, and 4) and the dicarboxylate transporter, NaC3. OAT1 and 3 are localized exclusively in the basolateral membrane of proximal tubular epithelial cells, while OAT4 is found only in the apical membrane. 124 As a result of the activity of OAT1 and 3, DMPS and DMSA can gain easy access to the intracellular environment of renal proximal tubular epithelial cells.
Even though the pharmaceutical intent in the design of DMPS and DMSA was likely to make the compounds water-soluble (more so than compounds available previously), these negatively charged, vicinal dithiols serve as effective transportable substrates of the organic anion transport system in proximal tubular cells. Fortuitously, this enables these compounds to gain access to the intracellular milieu of the primary target cells that accumulate and are affected adversely by mercuric species.
It should also be mentioned that as a result of the negative potential of the intracellular environment established by the activity of the Na + /K + -ATPase, movement of negatively charged, water-soluble molecules like DMPS and DMSA is impeded in most somatic cells, including other epithelial cells, unless they possess some form of organic anion transporter capable of translocating these negatively charged species from the blood.
■ COMPLEXATION OF DMPS AND DMSA WITH
MERCURIC SPECIES IN VIVO
Currently, there is a paucity of information regarding the precise chemical structure of the complexes formed by DMPS or DMSA binding to inorganic or organic mercuric ions in blood and in proximal tubular epithelial cells. On the basis of results from a number of different methods of analysis, it appears that a variety of potential structures may form. Recent X-ray absorption spectroscopic data and density functional theory (DFT) calculations obtained from simple aqueous solutions containing various ratios of DMPS or DMSA and mercuric nitrate (Hg(NO 3 ) 2 ) tend to suggest that a single mercuric ion is not likely to bond to the vicinal thiols on a single molecule of DMPS or DMSA. 140 The authors of these findings postulate that at least two DMPS or DMSA molecules must be involved in the binding of one or two inorganic mercuric ion(s). Interestingly, one of the structures postulated to form between a single inorganic mercuric ion and two molecules of either DMPS or DMSA involves tetrahedral binding, rather than linear II coordinate covalent binding. Although these findings are interesting, there may be an alternate species formed in vivo involving the binding of the vicinal thiols of a single molecule of DMPS or DMSA to a single inorganic mercuric ion. The potential species may involve the binding of the vicinal sulfur atoms of a single molecule of either DMPS or DMSA to a single inorganic mercuric ion, while the single sulfur atom of two molecules of Cys, Hcy, and/or GSH bind to the mercuric ion in a tetrahedral manner. Assuming that Cys and Hcy are present in plasma at concentrations of at least 10 μM 82 and that the intracellular concentrations of GSH are in low millimolar concentrations, 74,76,141−144 some form of thiol competition may promote intracellular formation of a mixed mercuric conjugate. From a purely chemical standpoint, the authors of the spectroscopic data suggest that DMPS and DMSA are not well optimized for chelation of Hg owing to the observation that neither compound forms a true chelate complex with mercury. 140, 145 A chelate has been defined as a stable ring complex formed by the binding of a metal ion with two or more functional groups of another molecule. 140 Therefore, DMPS and DMSA may be best described as complexing agents. Both of these vicinal thiols have proven to be extremely effective in reducing the renal and plasma burden of Hg, which makes the compounds therapeutically effective despite not being optimized chelators.
A likely species of a DMPS or DMSA S-conjugate of Hg 2+ formed in both blood plasma and the intracellular compartment of proximal tubular epithelial cells that promotes systemic elimination of Hg 2+ is a complex formed by the binding of both reduced sulfur atoms of two molecules of either DMSA or DMPS with one or two inorganic mercuric ions. Formation of such a complex in aqueous solution has been demonstrated using X-ray absorption spectroscopic data and density functional theory (DFT) calculations. 140 An example of such a complex formed by two molecules of DMPS and two mercuric ions is illustrated in Figure 1 .
■ RENAL EXTRACTION OF MERCURIC SPECIES
MEDIATED BY DMPS AND DMSA
Numerous sets of data indicate that DMPS and DMSA can efficiently extract mercuric ions from the kidneys of rats, which normally accumulate as much as 50% or more of a single dose of inorganic Hg within the first 24 h after exposure. Two intraperitoneal treatments of DMPS or DMSA, at a dose of 100 mg/kg, have been shown to extract greater than 80% of the renal burden of Hg 2+ within 24 h. 126, 132 Both DMPS and DMSA are slightly less effective in promoting the extraction of mercuric ions from the kidneys of rats exposed to non-nephrotoxic doses of methylmercury. 35 Of the approximate 8−10% of the dose present in the kidneys 24 h after exposure to methylmercury, it has been demonstrated that only about 50% of this amount is extracted from the kidneys during the initial 24 h subsequent to treatment with DMPS or DMSA. 126, 132 Using isolated perfused S2 segments of the rabbit proximal tubule, Zalups and colleagues have provided significant insight for the mechanisms by which DMPS (and likely DMSA) mediate reductions in the renal burden of Hg. 146 These investigators demonstrated several important features involved in the renal tubular elimination of Hg 2+ mediated by low-molecular-weight, vicinal thiols. One set of their findings from isolated perfused proximal tubular segments indicates that once DMPS Sconjugates of Hg 2+ are formed in, or enter into, the extracellular fluid compartment, the conjugates are not transported efficiently into proximal tubular epithelial cells at either the luminal or basolateral plasma membrane. Consequently, this characteristic of the DMPS S-conjugates of Hg 2+ allows for both the unimpeded glomerular filtration and the efficient tubular delivery of these conjugates via luminal fluid delivery to the renal pelvis and extra-renal collecting system, thus promoting the urinary excretion of the complexes. These investigators also demonstrated that when proximal tubular (S2) segments were perfused through the lumen with 20 μM GSH-S-Hg-S-GSH complexes for 15 min, rates of disappearance flux (J D ) from the lumen averaged between 30 and 50 fmol × min −1 × mm −1 (tubular length). However, when 200 μM DMPS was added to the solution bathing the basolateral surface of the perfused tubules, the J D for Hg 2+ changed to approximately −40 to −50 fmol × min −1 × mm −1 within 5 min. This rapid change from a positive to a negative J D indicates that instead of mercuric ions being taken up at the luminal membrane, they were being exported from within proximal tubular cells into the tubular lumen. Substantial reductions in the net tubular content of Hg 2+ confirmed the tubular extraction of mercuric ions into the tubular lumen. More recent studies from our laboratory demonstrate that at least some extraction of inorganic and organic mercuric ions from within proximal tubular segments into the luminal extracellular compartment within the kidneys appears to be mediated by the MRP2. As mentioned above, this membrane protein is a member of the ATP-binding cassette transporter family, which in the kidneys is located exclusively in the luminal membrane of proximal tubular epithelial cells. 89 This transporter has been shown to mediate the transport of a broad range of substrates into the lumen of proximal tubules. 147−149 Moreover, recent sets of evidence indicate that MRP2 likely plays a significant role in DMPS-and DMSA-mediated extraction of mercuric ions from proximal tubular cells and contributes to the subsequent urinary excretion of Hg. 35, 126, 127 Figure 2 provides a graphical representation summarizing the known and putative mechanisms participating in the handling of DMPS and DMPS S-conjugates of Hg 2+ and CH 3 Hg + by proximal tubular cells. Figure 2 shows that in humans and other mammals exposed to inorganic mercuric or methylmercuric forms of mercury and then treated subsequently with DMPS, both DMPS (in reduced and oxidized forms) and DMPS S-conjugates of Hg 2+ or CH 3 Hg + can be present in the plasma of systemic blood shortly after treatment. During each passage of circulating blood through the kidneys, about 20−25% of the DMPS and the DMPS Sconjugates of Hg 2+ or CH 3 Hg + in the plasma are filtered efficiently through the glomerular filtration barrier into the luminal compartment of proximal tubules. The remaining fraction of these compounds in plasma (approximately 75− 80%) is delivered first to the basolateral compartment of proximal tubules via peritubular capillary blood flow. In the luminal compartment of the proximal tubule and the remainder of the nephron, oxidized DMPS, reduced DMPS, or DMPS Sconjugates of Hg 2+ or CH 3 Hg + are not absorbed efficiently because of the polar negative charge associated with the sulfonate group of DMPS, thus promoting the urinary excretion of DMPS and mercuric complexes of DMPS. However, at the basolateral plasma membrane of proximal tubular cells, both oxidized and reduced forms of DMPS (not bonded to mercuric ions) are taken up efficiently into the proximal tubular epithelial cells by one or both of the organic anion transporters present in the basolateral membrane, namely, the organic transporter 1 (OAT1) and (OAT3).
It should be mentioned that DMPS is taken up from the extracellular basolateral compartment by OAT1 and/or OAT3 by an outwardly driven intracellular to extracellular gradient for α-ketoglutarate, which is generated by intracellular metabolism and by transport back into the proximal tubular cells. One of the key transporters linked to the activity of OAT1 and OAT3 and the extracellular to intracellular transport of α-ketoglutarate is the Na + -dicarboxylate cotransporter, NaC3, which is also located in the basolateral membrane. The electromotive force utilized by this membrane transporter is derived from the actions of the sodium (Na + )−potassium (K + ) ATPase in the basolateral membrane, which pumps Na + out of the proximal tubular cells in an electrogenic manner, generating an extracellular to intracellular gradient of 140 mM to 10 mM, which favors the movement of Na + back into the cells.
Interestingly, evidence from isolated perfused segments of the proximal tubule indicates that OAT1 and/or OAT3 are not involved in the basolateral uptake of DMPS S-conjugates of Hg 2+ . In fact, it appears that DMPS S-conjugates of Hg 2+ are not taken up efficiently, or at all, from peritubular blood into proximal tubular epithelial cells.
Experimental evidence does indicate that the therapeutic actions of DMPS for extracting mercuric species from within proximal tubular cells involve the following steps: (1) as mentioned above, DMPS (in a reduced and/or oxidized state) is taken up avidly at the basolateral membrane by OAT1 and/or OAT3. (2) Oxidized forms of DMPS taken up at the basolateral membrane are reduced by an intracellular mechanism not yet known.
(3) Reduced forms of DMPS within the proximal tubular cells interact with, compete for, and then remove mercuric ions bound to a host of potential intracellular thiol-containing molecules, including large intracellular proteins, metallothioneins (MT), glutathione (GSH), cysteine (Cys), and others. (4) After one or two mercuric ions bind to DMPS and a sufficient intracellular concentration of DMPS S-conjugates of Hg 2+ or CH 3 Hg + has formed to generate a sufficient gradient favoring the outward movement of these complexes, the conjugates are transported out of the cells into the tubular lumen by the multidrug resistance-associated protein 2 (MRP2) and possibly by another currently unknown transporter. Preliminary unpublished data indicate that MRP4 does not likely participate in the export of mercuric conjugates of DMPS. (5) Finally, the DMPS S-conjugates of Hg 2+ or CH 3 Hg + conjugates are excreted into the urine because they do not appear to be transportable substrates that can be taken up by any segment of the nephron or collecting duct beyond the proximal tubule.
■ CONCLUSIONS
Although a great deal of new information regarding mechanisms by which specific epithelial cells, particularly the proximal tubular epithelial cells in the kidneys handle various species of mercury, a great deal of new information is needed to gain a more complete understanding of how mercuric species are handled in both epithelial and nonepithelial target cells. Moreover, design of new more effective, nontoxic, chelating or complexing agents is needed to gain access to and extract mercuric ions from within target cells adversely affected by the various forms of mercury. Perhaps one of the more challenging tasks at hand is to design chemical compounds that can not only extract mercuric species from the kidney but also find a means to gain access through the blood−brain barrier to bind mercuric ions in neurons of the CNS. The compounds not only need to gain access to the target neurons but also need to be designed to utilize one or more neuronal membrane transporters to extract mercuric ions in a manner that can permit the formed mercuric complexes to gain access to systemic circulation, where they may be excreted by the kidneys and/or liver. density functional theory; CH 3 Hg + , methylmercury or methylmercuric ion; Hg, mercury; Hg 0 , elemental mercury or metallic mercury; HgCl 2 , mercuric chloride; CysGly, cysteinylglycine; FDA, United States Food and Drug Administration; J D , disappearance flux; DL-Hcy, homocysteine; γ-GT, γ-glutamyltransferase; GSH, glutathione; Hg + , mercurous ion; Hg 2+ , mercuric ion or Hg; Hg(NO 3 ) 2 , mercuric nitrate; IUPAC, International Union of Pure and Applied Chemistry; NAC, Nacetylcysteine; MRP2, multidrug resistance-associated protein 2; MRP4, multidrug resistance-associated protein 4; NaC3, sodium-dependent dicarboxylate transporter 3; OAT1, organic anion transporter 1; OAT3, organic anion transporter 3; OAT4, organic anion transporter 4; SH, sulfhydryl or thiol group; SO − , sulfonate; PAH, p-aminohippurate; TR − , MRP2-deficient ■ REFERENCES 
